ethanol, glycine is made from serine via serine hydroxymethyltransferase, and that the organism can obtain C1 units from glycine. 5. Mutant 82G grew on methanol and then contained serine hydroxymethyltransferase suggesting that this enzyme is necessary for growth on C, compounds and that Peudomonas AM 1 may synthesize two such enzymes, one used in growth on CG compounds, the other used in growth on other substrates. Mutant 82G might lack the latter enzyme. 6. Phosphoglycerate dehydrogenase is specifically inhibited by L-serine and the regulatory implications of this are discussed.
1. A mutant, 20S, of P8eudomona8 AM 1 was obtained that requires a supplement of serine to grow on succinate, lactate or ethanol. This mutant lacks phosphoserine phosphatase and revertants to wild-type phenotype regained this enzymic activity showing that the phosphorylated pathway of serine biosynthesis is necessary for growth on these three substrates. 2. The requirement for supplemental serine by mutant 20S could be met by glycine, suggesting that P8eudomona8 AM 1 can obtain C1 units from glycine. 3. Mutant 20S grows on C, compounds at a lower rate compared with the wild type. Supplementation with serine stimulated the growth rate of the mutant suggesting that the phosphorylated pathway of serine biosynthesis plays some role, but not an essential role, during growth on C1 compounds. 4. A mutant, 82 G, was obtained that requires a supplement of glycine to grow on succinate, lactate or ethanol. When grown in such supplemented media, the mutant lacks serine hydroxymethyltransferase and revertants to wild-type phenotype regained enzymic activity showing that during growth on succinate, lactate or ethanol, glycine is made from serine via serine hydroxymethyltransferase, and that the organism can obtain C1 units from glycine. 5. Mutant 82G grew on methanol and then contained serine hydroxymethyltransferase suggesting that this enzyme is necessary for growth on C, compounds and that Peudomonas AM 1 may synthesize two such enzymes, one used in growth on CG compounds, the other used in growth on other substrates. Mutant 82G might lack the latter enzyme. 6. Phosphoglycerate dehydrogenase is specifically inhibited by L-serine and the regulatory implications of this are discussed.
On the basis of enzyme lesions in nutritional mutants it has been shown that the biosynthesis of serine in E8cherichia coli (Pizer, 1963 (Pizer, , 1965 Pizer & Potochny, 1964; Umbarger, Umbarger & Siu, 1963) , Haemophilu8 influenzae (Pizer, Ponce-DeLeon & Michalka, 1969) and Salmonella typhimurium (Umbarger & UJmbarger, 1962; Umbarger et al. 1963 ) depends on a pathway involving the following reactions: D-3-Phosphoglycerate + NAD+ = 3-phosphohydroxypyruvate+NADH+H+ (1) 3-Phosphohydroxypyruvate + L-glutamate = O-L-phosphoserine+ ac-oxoglutarate (2) O-L-Phosphoserine+H20 --serine+P1 (3)
Glycine is synthesized from serine by the following reaction:
H4folate + serine = 5,10-CH2-H4folate + glycine (4) * Present address: Department of Microbiology, University of Groningen, Kerklaan 30, Haren (Gr) , The Netherlands. and since in E. coli a mutational loss of this enzyme produces a nutritional requirement for glycine that cannot be satisfied by serine (Pizer & Potochny, 1964) it has been concluded that this reaction is essential for glycine biosynthesis.
Enzymes catalysing reactions (1)-(4) have been found in cell-free extracts of P8eudomona8 AM 1 by Heptinstall & Quayle (1970) , which led these authors to suggest that the above phosphorylated pathway operates to supply serine and glycine when the organism is grown on succinate or similar compounds. When P8eudomonam AM 1 is grown on C1 compounds, glycolytic intermediates are formed by a pathway in which the following reactions have been implicated (Large, Peel & Quayle, 1961 , 1962a Large & Quayle, 1963; Heptinstall & Quayle, 1970 Glycerate NAD+ 
MATERIALS AND METHODS
Growth of the organi8m. Pseudomonas AM 1 was maintained on an inorganic salts medium (Jayasuriya, 1955) containing 50mM-methylamine hydrochloride and 1.5% (w/v) agar, The organism was transferred monthly; slopes were incubated at 30°C for 3 days and stored at 40C. Serine-and glycine-requiring mutants of P8eudo-mona8 AM 1 were maintained similarly on the above medium and on media containing 50mm-succinate+ 1 mM-L-serine or 50mM-succinate+ 1 mM-glycine+ 1 mmformate respectively. Growth in liquid medium was as described by Heptinstall & Quayle (1970 Throughout this paper the terms 'salts solutions' and 'salts medium' refer to the solution ofJayasuriya (1955) .
Preparation of cell-free extracts. Bacteria were disrupted in an ultrasonic disintegrator (MSE model 60W) by treating a suspension of 1 g wet wt. of cells in 4 ml of 50 mMpotassium phosphate-sodium phosphate buffer, pH 7.0, for 2 min at 0°C (power output 60W at 25kHz). Extracts were used after centrifugation at 15000g for 15min.
Protein determinations. Protein was measured by the Folin-Ciocalteu method, as described by Lowry, Rosebrough, Farr & Randall (1951) , with bovine serum albumin as standard.
Chemicals. Phosphohydroxypyruvic acid was supplied as the dimethylketal tris(cyclohexylammonium) salt (Calbiochem, Los Angeles, Calif., U.S.A.). Preparation of the free acid and assay for hydrolysis of the phosphate group was performed as described by Heptinstall & Quayle (1970) . (±)-Tetrahydrofolic acid was prepared by hydrogenating folic acid in the presence of Pt catalyst by the method used by Jones, Guest & Woods (1961) for reduction of pteroyltriglutamate. The concentration of the solution was determined spectrophotometrically and the solution was stored as described by Heptinstall & Quayle (1970) , except that H2 was used for filling the Thunb6rg tubes. DL-0-Phosphoserine was obtained froni Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K.
Preparation. of mutants. The procedure used for the isolation of mutants of Pseudomona8 AM 1 was a modification of that described by Heptinstall & Quayle (1970) , employing a series of three or four successive penicillin enrichments (Schlegel, 1965) . A culture (50 ml) of the wild-type organism was grown overnight on succinate medium. The cells were harvested by centrifugation, washed once and resuspended at a cell density of approx. 109 cells/ml in a solution of inorganic salts (Jayasuriya, 1955) in which the phosphate buffer had been replaced by 50mM-tris-maleate buffer, pH6.0. To 1.Oml of this suspension was added 1.Oml of a solution (4mg/ml) of N-methyl-N'-nitro-N-nitrosoguanidine, and the resulting suspension was incubated on a shaker at 30°C for 2 h. The cells were then centrifuged, washed twice with sterile water and resuspended in 1Oml of a supplemented growth medium (see the text) that would permit growth of the required mutants. The cells were incubated on a shaker at 300C for 20-30h to express mutations. The suspension was then centrifuged and the cell pellet washed twice with sterile water. Cells were resuspended in 40 ml of succinate growth medium and incubated on a shaker at 30°C for 4 h. Benzylpenicillin (Glaxo Laboratories Ltd., Greenford, Middx., U.K.) was then added to a final concentration of 250 units/ml and the suspension was incubated at 30°C with shaking for approx. 20h. After this incubation the suspension was centrifuged, the cell pellet washed twice with sterile water and cells were resuspended in lOml of supplemented growth medium. After incubation of thc cells for another 20-30h at 30°C on a shaker, the suspension was centrifuged, and the cells were washed twice with sterile water and resuspended in 40 ml of succinate growth medium. After incubation on a shaker at 3000 for 4h, benzylpenicillin was added to a final concentration of 400 units/ml and the suspension incubated at 30°C with shaking for approx. 30h. The suspension was then centrifuged, the cell pellet washed twice with sterile water and the cells were resuspended in 5ml of salts medium. Of this suspension 1 ml was transferred to 10 ml of supplemented medium and the cells were taken through another cycle of penicillin enrichment in which the penicillin concentration was increased to 600 units/ml. After three or four enrichment cycles the final suspension was centrifuged and the cells were washed twice with sterile water and resuspended in lOml of salts medium. Serial tenfold dilutions of this suspension were then made and 0.1 ml samples of appropriate dilutions were spread on plates of suitably supplemented medium (see the text). The plates were incubated for 3-4 days at 3000. and the most suitable ones chosen for replication on to succinate minimal and supplemented media. The replica plates were incubated for 4-6 days and compared with each other. Presumptive mutants were picked off, resuspended in a drop of salts medium and streaked on to fresh plates for further examination and for single-colony isolation. By using this general procedure, large numbers of mutants of various phenotypes could be obtained.
Enzyme assays
The assays of the two enzymes of the phosphorylated pathway of serine biosynthesis were performed at 3700. The other assay was performed at 300C.
Phosphoserine phosphohydrolase (phosphoserine phosphatase, EC 3.1.3.3). The enzyme was assayed by measuring the Pi liberated from DL-O-phosphoserine as described by Heptinstall & Quayle (1970) .
Phosphoglycerate dehydrogenase (phosphohydroxypyruvate reductase). This assay was performedin anaerobic cuvettes under N2 to eliminate NADH oxidase activity. The reaction was performed as described by Heptinstall & Quayle (1970) by following the oxidation of NADH at 340nm consequent on reduction of phosphohydtox3y-pyruvate.
L-Serine-tetrahydrofolate 5,10-hydroxymethyltransferase (serine hydroxymethyltransferase, serine; hydroxymethylase, EC 2.1.2.1). The enzyme was assayed by following the formation of 5,10-CH2-H4folate from serine measure4 spectrophotometrically as reduction of NADP+ consequent on the oxidation of 5,10-CH2-H4folate,to 5,10-CH=H4folate by methylene tetrahydrofolate dehydrogenase (Large & Quayle, 1963 (Bassalik, 1913) , Pseudomona8 M27 (Anthony & Zatman, 1964) and Pseudomonas PP (Ladner & Zatman, 1969) . It was found that growth of all organisms tested was inhibited by the presence of 5mM-glycine in the succinate growth medium to an extent similar to that observed in Pseudomonas AM 1. This sensitivity to glycine seems to be commonly encountered among methanol-utilizing bacteria and may therefore be connected with the special metabolism involved during growth of such organisms on C1 compounds.
On the basis of the above results obtained with P8eudomonas AM 1, it was decided to use both serine and glycine at concentrations of 1-2mM in supplemented media for mutant isolations. Although higher concentrations (2.9mM-serine and and Methods section since several attempts to obtain serine-requiring mutants using the former procedure had failed. Master plates were prepared by using succinate + 1 mM-serine medium and these were replicated on to plates containing respectively succinate +1 mM-serine and succinate alone. A total of 36 mutants was isolated and six of these, which differed somewhat in their growth characteristics on succinate + serine media, were studied in more detail. As the results obtained with the six mutants were essentially similar, only the results obtained with one of them, 20 S, are given. The growth requirements of mutant 20 S were studied both on plates and in liquid medium. The mutant was grown for 24-30h at 300C in 50ml of succinate+1 mM-serine medium on a shaker. The culture was centrifuged and the cell pellet was washed twice with salts medium. The cells were resuspended in approx. 25ml of salts medium and the suspension was streaked on plates containing a number of different solid media (Table 2) . A further portion of the suspension was used to inoculate tubes. These tubes contained 5ml of liquid media of similar composition and were inoculated with 0.5ml of the mutant suspension. Plates and tubes were incubated at 300C (the tubes on a shaker) and examined after 3 and 6 days. The results (Table 2) showed that the mutant 20S was only able to grow on succinate, lactate or ethanol when these media were supplemented with 1 mM-serine or 1 mMglycine+ 1 mM-formate. The mutant showed good growth on methanol or formate media although the growth rate was lower than that of the wild-type. The growth of the mutant on supplemented succimate medium was found to depend on the initial concentration of supplement. This was studied as follows. Batches of 30ml of succinate media containing different concentrations of serine were dispensed in 250ml conical flasks fitted with optically matched side arms. After sterilization (121b/in2 for 20min) the flasks were inoculated with 1 ml of a washed suspension of the mutant (see above) and incubated at 300C on a shaker, The extinction of the cultures -at 650nm wat Tneasured at regular time-intervals and the difference between the maximum extinction achieved and the initial extinction was taken as the growth response at that particular serine concentration (Fig. 1)6 A linear relationship was found between the growth response and the initial serine concentration (Fig. 2a) . These results are similar to those reported by Pizer & Potochny (1964) with a serine-requiring mutant of E. coli. From the slope of the graph relating growth response and serine concentration and by using the relationship between extinction and dry weight of the wild-type organism it was calculated that for the formation of 1 g (dry wt.) of cells 165mg of serine is needed. This value is similar to that found for a serine-requiring mutant of E. coli (Dempsey, 1969) .
Glycine+formate can substitute for serine as a supplement for growth of the mutant on succinate (Table 2) . Later it was found to be unnecessary to include methanol or formate in the glycine-supplemented growth media, indicating that the mutant organism is able to obtain C, units either from Vol. 121glycine or from succinate. The growth response of the mutant to limiting glycine was studied as described above for limiting serine, and was found to be a linear function of the glycine concentration (Fig. 2b) . The slopes of the graphs in Figs. 2(a) and 2(b) are 1.39 and 0.75 respectively, the units in each case being growth (AE650)/mmol of amino acid supplement. These slopes show that the relative molar amount of serine and glycine that allowed a similar growth response in succinate medium were in the ratio serine:glycine = 1: 1.85. Cell-free extracts of mutant 20S grown on succinate + 1 mM-serine were tested for the presence of two enzymes of the phosphorylated pathway, phosphoglycerate dehydrogenase and phosphoserine phosphatase (reactions 1 and 3) . The specific activity of phosphoglycerate dehydrogenase in 20S was similar to that in the wild-type organism, whereas no activity of phosphoserine phosphatase could be demonstrated in extracts prepared from the mutant ( Table 3 ). The physiological significance of the mutation was further demonstrated by preparation of revertants by using the method described by Yanofsky (1963) . A 50ml culture of mutant 20S was grown for 24h on succinate+1l mmserine. After being harvested and washed twice in sterile water, the cells were resuspended5in sterile salts solution and 108 cells were then 6pread on each of several plates containing succinate-salts-agar medium. Ethylmethanesulphonate was placed on circles of filter paper in the centre of the plates and the plates were incubated for 4-6 days at 300C. Two types of revertant colonies were picked off: colonies growing at the edge of the growth inhibition zone close to the filter paper, called 'induced revertants', and colonies growing at random over the plate even in the absence of mutagen, which were called 'spontaneous revertants'. Four of each type of revertant colony were purified by re-streaking on succinate-containing growth mediumn. Batches of the revertants were then grown on succinate and extracts prepared from them were assayed for phosphoserine phosphatase activity. The enzyme was found to be present in every case, the specific activity being in the range 0.9-2.1 ,umol of Pi - (Table 4) show that the growth rates of wildtype and revertant organisms were not influenced by the addition of serine to the growth medium. However, the growth rates of both mutants tested (20S and 73S) were significantly increased by the addition of 1 mM-serine to the minimal methanol medium, indicating that the phosphorylated pathway for serine biosynthesis has a physiological function, although not a necessary one, during growth of Pseudomonaa AM 1 on methanol.
Glycine-auxotroph8 of Pseudomonas AM 1. These mutants were expressed in succinate + 1 mMglycine + 1 mM-formate (SGF) growth medium and the penicillin treatment was done in succinate growth medium in which the desired mutants would not grow. Master plates were prepared from SGF growth medium and these were replicated on to SGF growth medium and succinate plates. The growth medium was a salts solution containing 0.4% (w/v) anhydrous sodium succinate as carbon source.
Methods are described in the text.
Although more than 100 presumptive mutants were picked off, only two reasonably stable mutants were obtained in pure culture. Results obtained with both mutants were similar and therefore results obtained with only one of them, 82G, are given. The growth requirements of mutant 82 G were studied on plates and in liquid medium as described above for mutant 20S, except that SGF growth medium was used as complete growth medium. The results (Table 2) showed that the mutant was only able to grow on succinate, lactate or ethanol when these media were supplemented with lmMglycine + 1 mM-formate. Serine could not substitute for glycine, indicating that the mutant is no longer able to synthesize glycine from-serine. As with the serine-auxotrophs, it was found to be unnecessary to include methanol or formate as a source of CI units in the glycine-supplemented growth media.
The growth of the mutant on succinate was found to depend on the initial concentration of glycine Vol. 121 present. This was studied as described above for mutant 20S. A linear relationship was found between growth and initial glycine concentration in the medium (Fig. 3) . The amount of glycine needed for the formation of g (dry wt.) of cells was calculated as described above and found to be 79mg. The ratio of serine and glycine necessary to give a similar growth response in serine-and glycineauxotrophs of P8eudomonas AM 1 is similar to that found by Pizer & Potochny (1964) for corresponding mutants of E. coli and is in agreement with calculations of Newman & Magasanik (1963) . Cell-free extracts of the mutant grown on SGF growth medium or succinate+lmM-glycine were tested for the presence of serine hydroxymethyltransferase activity (enzyme 4). Whereas activity of the enzyme was detected in cell-free extracts of the succinate-or methanol-grown wild-type organism, no activity of serine hydroxymethyltransferase could be demonstrated in extracts prepared from the mutant grown on SGF medium (Table 5 ). The physiological significance of the mutation was further demonstrated by isolation of spontaneous revertants. It was not necessary to use a mutagen as the mutant readily reverted spontaneously to wild-type phenotype and a total of five such revertants were purified on succinatecontaining growth medium. Batches of the revertants were grown on SGF medium and ex--tracts prepared from them were assayed for serine hydroxymethyltransferase activity. The enzyme was found to be present in every case, the specific activity being in the range 0.5-1.1 ,umol of NADPH formed/h per mg of protein (Table 5 ). Since these revertants also regained the ability to grow on lactate and ethanol, besides succinate, these results show that serine hydroxymethyltransferase is necessary for the biosynthesis of glycine in P8eudo-monas AM 1 when the organism is grown on any of these substrates.
Since serine hydroxymethyltransferase is thought to play a key role during growth of P8eudomona8 AM 1 on C, compounds, it is noteworthy that mutant 82 G was able to grow on methanol ( Table 2 ).
The enzyme was found to be present in relatively high activity in methanol-grown mutant cells (Table 5) , thus supporting the suggestion (Large & Quayle, 1963; Heptinstall & Quayle, 1970) another flask, to which chloramphenicol (I 50,ug/ml) was added, was treated similarly. At different timeintervals after addition of the C1 compound, 100ml of the cell suspension was rapidly cooled in crushed ice, the cells were collected by centrifugation and washed twice with 50mM-sodium potassium phosphate buffer, pH 7.0. Cell-free extracts were prepared as described in the Materials and Methods section, and the extracts were assayed for serine hydroxymethyltransferase activity. The results (Fig. 4) Incubation time (h) Fig. 4 . Induction of serine hydroxymethyltransferase in mutant 82G. The organism was grown in succinate+ 1 mM-glycine+ 1 mM-formate medium, the cells were harvested, resuspended in salts solution at a cell density of 1 mg/ml and at time zero sodium formate was added to the suspension to a final concentration of 40 mM. Preparation of cell-free extracts and assay of serine hydroxymethyltransferase are described in the Materials and Methods section. o, Without chloramphenicol; El, with 150,ug of chloramphenicol/ml.
Regulation of serine biosynthe8is
In Enterobacteriaceae (Pizer, 1963; Umbarger & Umbarger, 1962) and in H. itnfluenzae (Pizer et Out of seven amino acids tested, the only one that showed inhibition at concentrations below 1 mm was L-serine (Table 6 ). It was found that the latter amino acid inhibited phosphoglycerate dehydrogenase by 24-62% over the concentration range 0.02-0.1 mm. Increasing the concentration of Lserine to lmM produced no further inhibition of enzyme activity (Table 6) . Pizer et al. (1969) observed almost 100% inhibition of phosphoserine formation from phosphoglycerate in cell-free extracts of H. influenzae when L-serine was present at a concentration of 0.08mM. The concentration range of L-serine resulting in inhibition of phosphoglycerate dehydrogenase in Pseudomonas AM 1 and the specificity of the inhibition (Table 6 ) is similar to that observed in Haemophilus (Pizer et al. 1969 ). These results suggest that the phosphorylated pathway of serine synthesis in Pseudomonas AM 1 is controlled in similar fashion to that in E. coli and H. influenzae. W. HARDER AND J. R. QUAYLE 1971 DISCUSSION The finding that mutational loss of phosphoserine phosphatase activity in Pseudomonas AM 1 leads to inability to grow on succinate, lactate or ethanol, but does not affect growth when these media are supplemented with serine, offers strong support for the operation of the phosphorylated pathway (reactions 1-3) as a major route for serine biosynthesis during growth on such compounds. Some involvement of this pathway during growth on Cl compounds is also indicated by the increase in maximum specific growth rate of serine-auxotrophs on methanol when supplemented with 1 mM-serine. Growth of P8eudomonas AM 1 on C1 compounds involves the 'serine' pathway and the results presented above, taken together with those of Large et al. (1962a,b) , Large & Quayle (1963) and Heptinstall & Quayle (1970) , offer further support for the operation, in PeudomonasAM 1, oftwo metabolic routes that interconnect phosphoglycerate and serine (Scheme 1). The fact that each route possesses an essentially irreversible step, i.e. reaction (3) or reaction (8) respectively, dictates the direction of any net flow through each route.
A mutational loss of serine hydroxymethyltransferase activity (enzyme 4) in P8eudomonas
AM 1 leads to a requirement for supplemental amounts of glycine for growth on succinate, lactate or ethanol. As in the corresponding mutant of E. coli (Pizer & Potochny, 1964) , serine cannot satisfy this requirement, which offers strong support for the physiological significance of this enzyme in biosynthesis of glycine during growth of P8eudo-monas AM 1 on higher carbon compounds. The finding that a mutant lacking serine hydroxymethyltransferase when grown on succinate + glycine was nevertheless able to grow on methanol or formate was unexpected in view of the implication of this enzyme in growth on Cl compounds. However, its role in growth on C1 compounds is supported by the finding that incubation of the mutant with methanol or formate induces the synthesis of the enzyme in question. The corollary to these results is that there may be two serine hydroxymethyltransferases in Pseudomonas AM 1: one of them, the enzyme supplying the cell with glycine and C1 units during growth on succinate, is lacking in mutant 82G, whereas the other, which is inducible and whose function is to convert glycine into serine during growth on Cl compounds, is unaffected. Such enzyme multiplicity would have many precedents in other areas of microbial intermediary metabolism and further evidence for it now needs to be sought at the enzymological level.
The properties of both the mutants 20 S and 82 G suggest that P8eudomonas AM 1 can generate a C1
unit from glycine. Reversal of such a reaction could have obvious significance for growth on C1 compounds and this aspect will be further examined in the following paper (Harder & Quayle, 1971 ).
